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Abstract 
A good climatic analysis requires accurate and homogeneous daily precipitation series; unluckily, inhomogeneity is 
frequently found and have to be considered, especially when it is due to non-climatic parameters. CoRain is a free and 
open source software written in R language that could greatly help analyzing inhomogeneity caused by rainfall 
measuring instruments. CoRain compares two parallel rain series (with an overlapping period) and tries to highlight 
overestimations and underestimations due to rain gauges in a specific condition, so that the user can consider it for 
future analysis. CoRain offers many information on the two analyzed series, starting with cleaning input data, 
comparing them and classifying rainy days by severity. CoRain is a cross-platform software, easily adaptable to 
different needs, that takes in input a single text file with daily information of the two rain series and outputs tables (in 
CSV format) and plots (as PNG images) that help in the interpretation of the data. Use of the program is very simple: 
the execution can be either interactive or non-interactive. CoRain code has been tested on different rain series in the 
Piedmont region (northwestern Italy), showing its importance in identifying climate variations and instrumentation 
errors. 
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1. Introduction 
Studying and analyzing extreme rain events, dry and wet periods or trends and return times can help in planning and 
containing the effects of the climate change (Acquaotta et al. 2015, Terzago et al. 2010, 2012, 2013, Zandonadi et al. 
2016). Availability of daily precipitation series is a necessary but not sufficient condition to make a good climatic 
analysis and to better understand extreme events (Mekis and Vincent 2011, Venema et al. 2013). To make accurate 
climatic analysis we have to use homogeneous daily series of good quality (Acquaotta et al. 2009, Aguilar et al. 2003, 
Parker 1994, Peterson et al. 1998). In this perspective several international projects are created, aimed at the promotion, 
recovery and exchange of meteorological series of high quality as the MEDARE initiative - MEditerranean DAta 
REscue (WMO 2012), an international project born under the auspice of the World Meteorological Organization, with 
the main objective of developing, consolidate and progress climate data and metadata rescue activities across the 
Greater Mediterranean Region. Moreover, the importance of the meteorological data can be seen into many 
international dataset (ECAD - European Climate Assessment and Data, GCOS - Global Climate Observing System, 
GHCN - Global Historical Climatology Network…) where long instrumental climate records are available. These 
datasets are essential since they are the basis for assessing century-scale trends and can be used in the validation of 
climate models as well as detection and attribution of climate change at regional scale. The value of these datasets, 
however, depends strongly on the homogeneity of the time series. In fact, once climate change became an issue of 
central importance, some skepticism arose about the results of data analysis work, which frequently indicated sharp and 
determined changes in regional climates. It is now well recognized that variations in many long term time series are not 
only caused by changes in weather and climate, but also by changes in the positioning of the stations, changes in 
instruments, formulae used to calculate means, observing practices and station environment (Göktürk et al. 2008, Heino 
1994, Karl and Williams 1987). In addition, inhomogeneity in rain gauges precipitation measurements can be caused 
also by changes in wind-induced undercatchment, wetting losses (water adhering to the surface of the inner walls) and 
evaporation losses (Bodtmann and Ruthroff 1976, Sevruk and Zahlavova 1994, Sevruk et al. 2009); changes in 
instrument geometry, in the neighboring environment and in the methods of recording can also cause inhomogeneity 
due to undercatchment. The Commission for Instruments and Methods of Observation (CIMO) of the World 
Meteorological Organization (WMO) has recognized the need to conduct a series of comparisons of instruments in 
order to highlight and classify these discontinuities in precipitation recordings (Goodison et al. 1998, Lanza and 
Vuerich 2009, Sevruk and Klemm 1989). CoRain software has the objective of highlighting and classifying 
dissimilarities in daily precipitation among different instruments for rain measuring, in addition to the analysis of the 
inhomogeneity caused by rainfall measuring instruments. It compares the candidate series (e.g.: a rain series coming 
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from an old instrument) with the reference series (e.g.: the one recorded from a more recent and efficient 
instrumentation), evaluating mean errors between the two series and the overestimation or underestimation of a 
particular instrument in a specific condition (Baciu et al. 2005, Boroneant et al. 2006). The information acquired with 
this program can improve the understanding of inhomogeneity and continuity of the series also allowing, in some cases, 
the correction of discontinuities. The development of efficient comparison method is very important for detection and 
correction of inhomogeneity because an accurate comparison of series can increase both the significance and the power 
of the correction factor estimated by homogeneity test. CoRain software has been written in R language (R 
Development Core Team 2011), is open source and freely available online1 under GNU GPL v3 license (Free Software 
Foundation 2007). 
 
2. Methodology 
CoRain software uses an innovative analysis approach combining a set of well-known statistical tools and works in 
three steps (Acquaotta et al. 2016): (i) statistical analysis, (ii) comparison between the series and (iii) comparison 
between precipitation classes.  
The statistical information calculated on each series are: the minimum value of precipitation, the 1st quantile, the 
median, the mean, the 3rd quantile, the maximum value, the number of missing values, the total number of values and 
the results of Shapiro-Wilk test (Acquaotta et al. 2009, 2016, Giaccone et al. 2015, Isotta et al. 2013); in addition to 
daily values, monthly values are also calculated for each series. 
The second step is the comparison between the parallel series, using the overlapping period. In order to be able to make 
a direct comparison only between the recorded daily rain series, any values that were missing in one series were also set 
to be missing in its counterpart, to avoid modifying the series. Then the values lower than 1 mm were dropped (Wang et 
al. 2010). A set of statistical tests were carried out to show the differences or the similarities between the series. The 
Student’s T test allowed identifying if the series have the same mean, the Wilcoxon rank test was used to establish if the 
series have the same median and the Kolmogorov-Smirnov test was used to see if the series have the same distribution. 
In addition, CoRain also applies the Kruskal-Wallis test, computes the root mean square error (RMSE) and the 
correlation using Spearman correlation coefficient. A p=5% significance level was used for all the tests. In order to 
identify the months or seasons with the greatest differences, the percentage relative errors (Lanza and Stagi 2012) are 
also calculated from the monthly precipitation data. On this new variable, a statistical analysis is carried out, calculating 
the median, the 1st and the 3rd quantiles and the trends. 
                                                          
1 https://github.com/UniToDSTGruppoClima/CoRain 
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The third step allows identifying if the two rain gauges recorded the same precipitation events. The daily rain events 
were classified in five classes, weak, mean, heavy, very heavy and extreme. After that, the software estimates the 
number of common events included in these ranges and the maximum Systematic Error of the Precipitation 
measurement (SEP) is calculated for these events (Sevruk and Klemm 1989, Sevruk et al. 2009, WMO-CIMO 2008). 
 
3. Program requirements 
Since R is an interpreted language, CoRain requires it to be executed, resulting in easy portability on different types of 
platforms and operating systems. It has been successfully tested under R versions 3.2.2 (Fire Safety) and 3.3.1 (Bug in 
Your Hair), both under Windows and Linux, but it is likely to run even on later versions. To work, CoRain requires 
some packages installed in the R environment that are class, zoo, hydroGOF, xts, hydroTSM, zyp, Kendall and their 
dependencies. After their installation, the program can be run either interactively (i.e.: from RStudio) or in a non-
interactive way (i.e.: from Rscript). If the execution is interactive, CoRain asks for an input text file; in the other case, 
name and path of that file are hardcoded inside the first part of the source code (see Online Resource 1) and the user has 
to modify them according to the environment. 
 
4. Input file 
The input of the program is a text file formatted with five TAB-separated columns. Two of the five columns are the rain 
series that are assumed to have already passed an external quality check, to highlight and remove incorrect values such 
as daily precipitation lower than 0 mm (Gonzalez-Rouco et al. 2001), for example. The first row of that file contains the 
headers of the columns (column names) while the first three columns contain year, month and day of the two series. 
Column four contains the values in mm/day for the candidate rain series and column five the values of the reference 
rain series; missing values are allowed if explicitly expressed as NA. Series in input file must start 1st of January and end 
on 31st December, possibly having at least 5 years of data (Vincent and Mekis 2009). Attached with the program it is 
possible to find some examples of input files that could be used to execute CoRain and practice with it (see Online 
Resources from 2 to 7). 
 
5. Program features and implementation 
The program works in three consecutive phases, following what is described in paragraph 2: the first one is the cleaning 
of input data and computation of statistical analysis; the second one is the comparison between the two series and the 
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last one is the comparison between the different precipitation classes. A graphical overview of these steps could be seen 
in Fig. 1. 
 
Fig. 1: overview of the main steps and features of CoRain program - cleaning of data, comparison of rain series and 
organization in five classes 
 
5.1. Cleaning of input data and statistical analysis 
First, a statistical analysis is carried out on the two series, the candidate one (column 4 of the input file) and the 
reference one (column 5). After this, the program removes all values with daily rain < 1mm, setting those values to NA, 
and then puts the same missing values on both series (where there is a NA in a series, it puts a NA on the other). The 
next part is the application of the previous statistical analysis on the new series obtained after the cleaning process. In 
this stage, in interactive mode, the program shows to the user a summary of the statistical analysis, asking if the user 
wants to proceed or, in case the cleaning process has been too aggressive (i.e.: has removed too many values), to stop 
the execution to review the input file. If the program is in non-interactive mode or the user agrees in going over, CoRain 
proceeds directly with the next step. The results of the statistical analysis are also reported in the CSV file 
0_statistics_input_file.csv (see Table 1), both for the original input data and for the cleaned one (that could be also 
verified in the 1_cleaned_input_file.txt). In the two CSV files called 2_<series_name>_daily_avalibillity.csv (one for 
the candidate series and one for the reference one) there are written the monthly number of days used in this analysis 
(see Table 2) while, in the other two CSV files named 2_<series_name>_monthly_rain.csv (one for the candidate series 
and one for the reference one) it is possible to find the monthly amount of rain of the two series (see Table 3). In 
addition, in the two PNG files called 3_<series_name>_day_month_rain.png (always one for the candidate series and 
one for the reference one) are reported the plots of daily and monthly precipitation series (see Fig. 2). 
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Fig. 2: plots of daily and monthly precipitation, both for candidate (left) and reference (right) series, taken from the 
output of the processing of input file example2.txt (Boves stations, NW Italy - see Online Resource 3) 
 
5.2. Comparison between the cleaned series 
In this second phase of the program, a statistical 
comparison analysis between the two cleaned series is 
carried out, applying different statistical methods 
described in paragraph 2. The results of the comparison 
analysis are shown in the CSV file 
4_statistics_between_daily_series.csv (see Table 4) 
where, for every test, CoRain reports the statistical 
values and the p value. After this, the maximum error 
boundaries (equal to ± 15% of daily value of the 
reference series) and minimum error boundaries (equal 
to ± 5% of daily value of the reference series) are 
calculated (Sevruk and Klemm 1989, Sevruk et al. 2009, 
WMO-CIMO 2008). These boundaries, currently, are 
hardcoded and can be changed only by editing the source 
code of the program; in the next release of the software we planned a parameterization of these values, adding the 
possibility of changing them easily. A scatter plot named 5_total_precipitation_plot_with_15_5.png is created with 
daily values from both series and with the addition of previously defined error boundaries. In this scatter plot, red 
Fig. 3: precipitation daily values from candidate series 
(red circles) and reference series (black circles), with 
error boundaries of 5% (green line) and 15% (black 
line), taken from the output of the processing of input 
file example2.txt (Boves stations, NW Italy - see Online 
Resource 3) 
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circles represents candidate values, black ones are reference values and the green and black lines represents the 
boundaries of 5% end 15% error, respectively (see Fig. 3). After 
this, the monthly percentage relative error is calculated for the two 
cleaned series (Lanza and Stagi 2012) and is reported both 
numerically in the CSV file 6_percentage_relative_error.csv (see 
Table 5) and using a box plot called 
7_percentage_relative_error_boxplot.png (see Fig. 4). On the 
percentage relative error series, CoRain also computes the non-
parametric trend using the Theil-Sen approach. The Mann-Kendall 
test for the trend is then run on the resulting time series to compute 
the level of significance (Sen 1968, Toreti and Desiato 2008, Zhang 
et al. 2000). The results of the trend are plotted in 
8_percentage_relative_error_trend.png (see Fig. 5) and also written 
in the CSV file 8_stats_percentage_relative_error_trend.csv where 
CoRain reports the intercept, the trend over the total period (delta of 
whole period analysis), the tau of Mann-Kendall test and its p value 
(see Table 6). After this analysis, if some values of percentage relative 
error are outside a specific range (according to Acquaotta et al. 2016, 
defined in ±500% by default but easily configurable inside the source 
code), CoRain removes them and start a re-computation only of the 
values inside the accepted range, writing new results in 
6_filtered_percentage_relative_error.csv, 
7_filtered_percentage_relative_error_boxplot.png, 
8_filtered_percentage_relative_error_trend.png and 
8_filtered_stats_percentage_relative_error_trend.csv, with the same 
information described previously. 
 
5.3. Comparison between five classes of precipitation events 
In this final step, CoRain calculates the quantiles of the reference series to identify the thresholds for every class. Every 
rainy day is classified as weak, mean, heavy, very heavy (R95) or extreme (R99). For each class CoRain returns a scatter 
Fig. 4: box plot of monthly-aggregated 
percentage relative error, taken from the 
output of the processing of input file 
example2.txt (Boves stations, NW Italy - see 
Online Resource 3) 
Fig. 5: trend of percentage relative error 
for every month, taken from the output of 
the processing of input file example2.txt 
(Boves stations, NW Italy - see Online 
Resource 3) 
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plot of daily data, using the same logic and graphical conventions presented in the previous scatter plot called 
5_total_precipitation_plot_with_15_5.png. The five plots are class-specific and are called 9_events_weak.png, 
9_events_mean.png, 9_events_heavy.png, 9_events_R95.png and 9_events_R99.png (see Fig. 6); in these scatter plots 
are also reported the error boundaries, ± 15% of daily value and ± 5% of daily value. For each class, in the CSV file 
10_class_events_and_RMSE.csv, CoRain reports statistics like the thresholds, the mean value of maximum and 
minimum errors, number of events for reference and candidate series, precipitation amount for reference and candidate 
series, number of events recorded in the same day, precipitation amount for reference and candidate series recorded in 
the same day, number of events outside the range for maximum and minimum error and RMSE (see Table 7). To better 
explain all inputs, outputs and parameters used by CoRain software, we have summarized them in Table 8. 
 
Fig. 6: class organization of all rainy days (A): weak precipitation (B), mean precipitation (C), heavy precipitation (D), 
very heavy precipitation also called R95 (E) and extreme precipitation also called R99 (F); plots are taken from the 
output of the processing of input file example2.txt (Boves stations, NW Italy - see Online Resource 3) 
 
6. CoRain application: a case study 
Here we are going to present a case study where we applied CoRain software using all its features, described above. 
Boves is an Italian town located in Piedmont (northwestern Italy) with two neighboring weather stations, one manned 
and one automatic. The manned weather station is the older one; it started to record the rain in 1913 and it was closed in 
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2003. The station was located at an elevation of 590 m ASL. The automatic weather station has started to record in 1988 
and is currently operative. Its elevation is 575m ASL and the distance from the manned weather station is equal to 1240 
m. The two weather stations have an overlapping period of 16 years, resulting a perfect example for the CoRain 
application. Moreover, having 16 years of overlapping data between a manned station and an automatic one is a very 
rare and interesting case. Most nations have just 1 or 2 overlapping years of data (e.g.: Canada - Milewska and Hogg 
2002; Romania - Baciu et al. 2005; Spain - Gilabert 2016, Brunet et al. 2006; Norway - Forland et al. 1998), making the 
comparison between stations less accurate. These information can be used to highlight discontinuities among rain 
monitoring networks data, to enhance the following homogenization tests correction. In this way, for example, it is 
possible to analyze non-climatic parameters that could alter real trends of meteorological series. 
The first step of CoRain has highlighted that the two series have an equal number of missing values (around 2% of the 
data) but, after the cleaning process of the daily values, only 10% of data (approx.) can be utilized (see Table 1). The 
statistical analysis shows great differences between the two series: for example, the mean, maximum value and 
quantiles are very different. The differences are confirmed by the statistical tests in step two (see Table 4). 
Kolmogorov-Smirnov test does not show similar probability distributions between the pairs of stations. The Student’s T 
test and the Wilcoxon rank test does not highlight the same mean and median. The RMSE is also very high for these 
stations and the rank correlations is equal to 0.59. The monthly mean percentage relative error is equal to 10% 
(approx.); the largest differences were recorded in the winter months, where the mean monthly percentage relative error 
was 47% for December, 35% for January and 54% for February. The trend calculated on percentage relative error does 
not highlight a systematic long-term change in the quality between reference and candidate series (see Table 6). The 
analysis of precipitation events into classes shows in detail the differences between reference and candidate series (see 
Table 7): except for the weak class, the candidate series shows a greater total number of events. On average, the 
candidate series measures 36 events more. The greater difference is recorded for the very heavy events, with 59 events 
more than the candidate series, followed by the mean class with 30 additional events. Only for the weak class the 
reference series records a greater number of events (115 more). According to the characteristics of the area, the results 
obtained through the use of CoRain for these two series has shown major differences in the registrations of rain gauges 
data, thus indicating that the series cannot be joined without the application of a daily homogenization tests. 
 
7. Conclusions and future work 
Parallel measurements analysis is a critical step before performing climate analysis in order to identify non-climatic 
changes in climate records. This is especially true when working with precipitation, where the relative statistical 
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homogenization is hampered by low cross-correlations between stations. The Parallel Observations Science Team is 
working on a large database with parallel station measurements of all the essential climatic elements in order to be able 
to study the characteristics of non-climatic changes in large sets as a function of the local climate (POST 2015). 
Following these ideas, this study describes CoRain, a free and open source R software used to compare different rain 
series. CoRain has been tested on a large amount of series, mainly in the northwestern part of Italy and has shown ease 
of use, efficiency and quickness, requiring only a basic knowledge of R language. Being an open source software is 
very important for this program, since it could be easily modified and improved directly from the community of users, 
fitting most needs of climatologists and researchers. In this sense, users are encouraged to report bugs, feature requests 
or changes they make to the code, either directly to the authors or by using GitHub platform. In the future, if the 
software becomes popular, it could also be re-factored as an R package and submitted to CRAN for easier and broader 
adoption. Furthermore, we are working to introduce new features in CoRain for the comparison of other meteorological 
parameters such as the temperature and we are investigating the comparison of CoRain results with other recent studies 
that empirically described the correlation of nearby spatial rain measurements (e.g.: Guenzi et al. 2016, Peleg et al. 
2013). 
 
Appendix A. Supplementary material 
Supplementary data and the program source code associated with this article can be found both in the online version of 
the article at http://link.springer.com/article/10.1007/s12145-017-0301-y and at 
https://github.com/UniToDSTGruppoClima/CoRain 
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Tables 
Table 1: raw input data statistics (columns 2 and 3), statistics after the removal of values < 1mm (column 4 and 5) and 
statistics after putting the same missing values on both series (columns 6 and 7) using daily rain information about 
Boves stations (Piedmont, NW Italy) from 1988 to 2003 (see Online Resource 3); Shapiro-Wilk normality test is run 
only on dataset containing less than 5000 values. 
 
Raw 
candidate 
series 
Raw 
reference 
series 
Partially 
cleaned 
candidate 
series 
Partially 
cleaned 
reference 
series 
Cleaned 
candidate 
series 
Cleaned 
reference 
series 
Min 0 0 1 1 1 1 
1st quantile 0 0 6 2.8 10 4.2 
Median 0 0 14 6.8 18 11 
Mean 3658 3051 25.4 13.36 31.75 17.32 
3rd quantile 0 0.4 30 16.6 37 21.8 
Max 310 198.4 310 198.4 275 198.4 
Number of NAs 129 154 5021 4557 5329 5329 
Number of values 5715 5690 823 1287 515 515 
Shapiro-Wilk normality test W NA NA 0.62 0.68 0.7 0.72 
Shapiro-Wilk normality test p-value NA NA 0 0 0 0 
 
 
Table 2: monthly number of days used for the candidate series analysis of Boves stations (Piedmont, NW Italy) - see 
Online Resource 3 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1988 1 0 1 6 5 5 1 2 1 8 0 1 
1989 0 2 1 7 0 1 3 0 2 1 3 1 
1990 0 0 5 8 9 2 0 4 1 8 2 2 
1991 2 1 5 5 3 2 0 0 3 6 2 0 
1992 2 1 3 6 4 5 6 1 2 7 2 2 
1993 0 2 2 3 2 2 3 2 3 9 2 1 
1994 3 3 0 3 4 2 3 2 6 3 3 1 
1995 0 0 0 4 3 0 0 4 3 1 2 5 
1996 6 6 3 4 4 6 2 3 4 2 5 1 
1997 2 0 0 2 3 5 2 3 1 0 0 0 
1998 2 1 1 4 3 2 1 2 2 3 2 3 
1999 0 0 2 3 3 2 6 2 3 9 3 0 
2000 1 0 3 9 7 3 2 4 3 7 4 0 
2001 0 1 3 4 7 0 2 0 1 0 1 0 
2002 1 2 1 9 5 5 4 10 7 2 7 5 
2003 0 0 0 4 3 1 1 1 1 5 4 3 
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Table 3: monthly amount of rain obtained from the candidate series of Boves station (Piedmont, NW Italy) - see Online 
Resource 3 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1988 14 0 4 168 199 163 4 23 8 289 0 61 
1989 0 50 14 368 0 11 20 0 66 5 14 5 
1990 0 0 36 189 129 23 0 120 12 148 46 66 
1991 74 16 281 209 215 18 0 0 103 164 15 0 
1992 48 8 59.8 99 87 94 77 11 48 448 47 67 
1993 0 57 54.2 410 50 27 56 40 161 245 107 12 
1994 83 166 0 185 90 135 48 42 275 107 219 13 
1995 0 0 0 252 240 0 0 105 146 17 99 93 
1996 230 100 114 214 68 93 56 78 184 386 192 113 
1997 75 0 0 10 36 68 26 41 40 0 0 0 
1998 70 52 35 105 88 27 8 119 51 90 12 55 
1999 0 0 62 104 210 30 75 23 62 159 76 0 
2000 28 0 43 254 148 320 28 72 88 371.8 168 0 
2001 0 28 140 48 181 0 24 0 20 0 70 0 
2002 3 180 75 173 211 219 208 118 222.5 115 305 110 
2003 0 0 0 127 35 5 3 9 5 160 150 270 
 
Table 4: results of the comparison analysis between candidate and reference series of Boves (Piedmont, NW Italy) from 
1988 to 2003 (see Online Resource 3) 
Test Value 
RMSE 30.77 
T test t 7.75 
T test df 793.69 
T test p-value 0 
Kolmogorov-Smirnov D 0.24 
Kolmogorov-Smirnov p-value 0 
Wilcoxon W 174914 
Wilcoxon p-value 0 
Kruskal-Wallis chi-squared 289.59 
Kruskal-Wallis df 193 
Kruskal-Wallis p-value 0 
Spearman S 9279358.93 
Spearman rho 0.59 
Spearman p-value 0 
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Table 5: monthly percentage relative error for the two cleaned series of Boves (Piedmont, NW Italy) - see Online 
Resource 3 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1988 180 NA -90.34 51.9 183.48 29.57 66.67 -52.28 5.26 130.46 NA 49.51 
1989 NA 33.69 438.46 66.82 NA -37.5 185.71 NA 89.66 400 118.75 31.58 
1990 NA NA 66.67 42.53 3.37 -21.77 NA 66.2 9.09 137.94 41.98 73.68 
1991 262.75 344.44 119.87 125.22 57.16 119.51 NA NA 127.88 63.67 22.95 NA 
1992 -14.29 42.86 48.76 24.37 208.51 71.53 136.2 37.5 -10.78 74.59 158.24 661.36 
1993 NA 108.03 -44.35 113.54 54.32 12.5 139.32 217.46 47.44 27.87 178.65 5.26 
1994 13.08 418.75 NA 105.56 32.74 306.63 -23.57 50 277.75 247.4 125.31 225 
1995 NA NA NA 138.19 75.95 NA NA 218.18 48.37 1316.67 50.91 162.71 
1996 277.05 122.22 195.34 161.61 28.79 12.32 4.87 81.4 156.98 256.75 100 195.81 
1997 118.02 NA NA 72.41 68.22 95.4 182.61 8.47 238.98 NA NA NA 
1998 3081.82 288.06 733.33 22.66 -12.35 -40.79 81.82 662.82 571.05 49.5 106.9 418.87 
1999 NA NA 21.09 17.91 60.8 294.74 3.31 61.97 39.64 10.72 72.73 NA 
2000 775 NA 25 52.83 106.13 12.6 4.48 78.22 18.92 68.85 158.46 NA 
2001 NA 125.81 306.98 389.8 28.37 NA 20 NA -12.28 NA 2087.5 NA 
2002 -73.21 132.56 15.03 99.31 200.57 157.04 116.67 11.32 33.23 49.35 74.68 18.53 
2003 NA NA NA 88.43 386.11 212.5 -74.14 -16.67 -60.32 201.89 913.51 263.88 
 
 
Table 6: statistics of the trend computed on percentage relative error using Boves stations (Piedmont, NW Italy) from 
1988 to 2003 (see Online Resource 3) 
Test Value 
Trend 0.1 
Intercept 66.51 
Trend over total period 19.4 
Mann-Kendall tau 0.01 
Mann-Kendall p-value 0.82 
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Table 7: classes of rainy days and statistics about them; data is taken from Boves stations (Piedmont, NW Italy) from 
1988 to 2003 (see Online Resource 3) 
Class 
Mean 
daily 
precip. 
(mm) 
Max 
error 
mean 
daily 
(mm) 
Min 
error 
mean 
daily 
(mm) 
Num. 
total 
events 
ref. 
series 
Num. 
total 
events 
can. 
series 
Sum 
total 
prec. 
ref. 
(mm) 
Sum 
total 
prec. 
can. 
(mm) 
Num. 
common 
events 
Sum 
common 
events 
ref. 
(mm) 
Sum 
common 
events 
can. 
(mm) 
Num. 
common 
events 
outside 
±15% 
Num. 
common 
events 
outside 
±5% 
Tot 
RMSE 
Weak 3.89 0.58 0.19 255 140 1200.4 860.8 113 439.6 702.8 96 108 3.51 
Mean 16.71 2.51 0.84 157 187 2669.6 3177.8 78 1303.2 1405.1 43 65 5.62 
Heavy 35.32 5.3 1.77 77 103 2997.4 3873.7 26 918.4 1048 17 21 10.08 
R95 82.08 12.31 4.1 26 85 2054.6 8438 22 1805.8 3103 21 22 76.62 
R99 124.03 18.61 6.2 6 34 744.2 4869 6 744.2 983 5 6 42.18 
 
 
Table 8: input, output and other parameters used by CoRain software 
Name / Description Type Notes 
A single txt file INPUT (default 
/data/test/ 
example.txt) 
Text file containing five TAB-separated columns (year, month, day, candidate rain series 
and reference rain series) 
Threshold below which the 
precipitation is not taken 
into account 
Hard coded 
parameter 
(default 1 mm) 
In a future release of the program, this will be parameterized, specifying it in a variable 
called min_rain_rate inside a “Global variables” section 
Err_pos_15 Hard coded 
parameter 
(default +15%) 
Upper limit of the maximum error boundaries, based on daily data of the reference series. 
In a future release of the program, this will be parameterized, specifying it in inside a 
“Global variables” section 
Err_neg_15 Hard coded 
parameter 
(default -15%) 
Lower limit of the maximum error boundaries, based on daily data of the reference series. 
In a future release of the program, this will be parameterized, specifying it in inside a 
“Global variables” section 
Err_pos_5 Hard coded 
parameter 
(default +5%) 
Upper limit of the minimum error boundaries, based on daily data of the reference series. 
In a future release of the program, this will be parameterized, specifying it in inside a 
“Global variables” section 
Err_neg_5 Hard coded 
parameter 
(default -5%) 
Lower limit of the minimum error boundaries, based on daily data of the reference series. 
In a future release of the program, this will be parameterized, specifying it in inside a 
“Global variables” section 
Threshold_percentage_rela
tive_error 
Hard coded 
parameter 
(default ±500%) 
Range of accepted percentage relative errors. Customizable parameter specified inside the 
“Global variables” section 
0_statistics_input_file.csv OUTPUT Main statistics on input file 
1_cleaned_input_file.txt OUTPUT The file that is really used as input, after cleaning the reference and candidate series 
2_<series_name>_daily_a
valibillity.csv 
OUTPUT Number of days of available data on the series named <series_name>. This is produced 
two times, one for the candidate series and one for the reference one 
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2_<series_name>_monthly
_rain.csv 
OUTPUT Total amount of rain by month on the series named <series_name>. This is produced two 
times, one for the candidate series and one for the reference one 
3_<series_name>_day_mo
nth_rain.png 
OUTPUT Plot of daily and monthly data on the series named <series_name>. This is produced two 
times, one for the candidate series and one for the reference one 
4_statistics_between_daily
_series.csv 
OUTPUT Statistics between the two daily series 
5_total_precipitation_plot_
with_15_5.png 
OUTPUT Scatter plot of daily events with error boundaries 
6_percentage_relative_erro
r.csv 
OUTPUT Percentage relative error grouped by month 
7_percentage_relative_erro
r_boxplot.png 
OUTPUT Box plot of percentage relative error grouped by month 
8_percentage_relative_erro
r_trend.png 
OUTPUT Trend of percentage relative error grouped by month 
8_stats_percentage_relativ
e_error_trend.csv 
OUTPUT Statistics on the trend of percentage relative error grouped by month 
6_filtered_percentage_relat
ive_error.csv 
Optional 
OUTPUT 
Percentage relative error grouped by month after the exclusion of values that are outside 
of the defined range (by Threshold_percentage_relative_error) 
7_filtered_percentage_relat
ive_error_boxplot.png 
Optional 
OUTPUT 
Box plot of percentage relative error grouped by month after the exclusion of values that 
are outside of the defined range (by Threshold_percentage_relative_error) 
8_filtered_percentage_relat
ive_error_trend.png 
Optional 
OUTPUT 
Trend of percentage relative error grouped by month after the exclusion of values that are 
outside of the defined range (by Threshold_percentage_relative_error) 
8_filtered_stats_percentage
_relative_error_trend.csv 
Optional 
OUTPUT 
Statistics on the trend of percentage relative error grouped by month after the exclusion of 
values that are outside of the defined range (by Threshold_percentage_relative_error) 
9_events_R99.png OUTPUT Scatter plot of extreme precipitation events (greater than 99 percentile) 
9_events_R95.png OUTPUT Scatter plot of very heavy precipitation events (greater than 95 percentile) 
9_events_heavy.png OUTPUT Scatter plot of heavy precipitation events (between 80 percentile and 95 percentile) 
9_events_mean.png OUTPUT Scatter plot of mean precipitation events (between 50 percentile and 80 percentile) 
9_events_weak.png OUTPUT Scatter plot of weak precipitation events (lower than 50 percentile) 
10_class_event_and_RMS
E.csv 
OUTPUT Summary of information on the classification of precipitation events 
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Supplementary material captions 
Online Resource 1: file “Co.Rain.R”, containing the source code of the program discussed here 
Online Resource 2: file “example1.txt”, containing both candidate and reference series used as example 
Online Resource 3: file “example2.txt”, containing both candidate and reference series used as example; data is taken 
from Boves stations, Piedmont (NW Italy) 
Online Resource 4: file “example3.txt”, containing both candidate and reference series used as example 
Online Resource 5: file “example4.txt”, containing both candidate and reference series used as example 
Online Resource 6: file “example5.txt”, containing both candidate and reference series used as example 
Online Resource 7: file “example6.txt”, containing both candidate and reference series used as example 
 
